Microfabricated grippers could be useful for the manipulation of nanoscopic and microscopic samples. A survey is presented of the force requirements for a microgripper to complete pick-and-place nanomanipulation tasks. We then demonstrate in situ pick-and-place operations of nanowires inside a scanning electron microscope using microfabricated electrostatically actuated grippers, and compare the theoretically estimated force requirements with the results of experimental tests of picking up nanowires to evaluate how grippers and strategies for nanomanipulation can be optimized.
Introduction
While micromanipulation with tools such as micropipettes or lasers is a mature technique for handling microscopic samples in liquids [1, 2] , micro-and nanomanipulation in dry environments is still a challenging task due to the absence of liquids to reduce the often strong adhesion forces. In dry environments, scanning probe microscopy (SPM) equipment has been used to push, slide, and roll nanostructures in two dimensions across surfaces. In this way proof-ofprinciple devices such as field effect transistors have been constructed [3] . Furthermore, numerous nanomechanical investigations have been carried out using nanomanipulation, for instance on carbon nanotubes [4, 5] . Compared to SPM nanomanipulation, few examples have been published with three-dimensional nanomanipulation in dry environments, and this has to date mainly been done with one or more individual SPM tips mounted on a manipulation unit, often in combination with electron beam deposition for local gluing and bonding [6, 7] . Apart from standard SPM tips, more advanced tips such as nanotube brushes [8] or similarly functionalized microstructures could also be used for nanomanipulation. 3 Author to whom any correspondence should be addressed.
Compared to manipulation using 'single ended' tools such as SPM tips, a microfabricated gripper could provide better control over the applied forces, as well as a more well-defined mechanical grip on the object since rotation will be limited by the gripper geometry. It is also possible to make direct electrical and mechanical measurements on the grabbed object if the gripper arms are made of conducting material or can provide a force feedback signal. Over the last few years, several research groups have been developing grippers for micromanipulation and they have also become commercially available from companies such as Nascatec and Zyvex. Many different gripper actuation principles and designs have already been explored, but often only to the point of proving the actuation capability of the device, rather than actual testing of the device on real samples. Of manipulation on the submicron scale there have been few demonstrations. For instance, gripper structures have been used to manipulate nanoparticle samples both under ambient conditions [9] , in situ SEM [10] , and in liquids: DNA [11, 12] and cells [13] .
It appears that grippers could find a wide variety of applications provided there is further development and specialization of the gripper functionality for the various environmental conditions. With grippers, one could imagine the development of a nanoscale workshop where individual nanocomponents could be picked up, characterized and tested, in a way not unlike how millimetre sized components are normally handled with tweezers in an electronic workshop. Common tasks would then be to transport an individual nanostructure from the original substrate onto a transmission electron microscope (TEM) grid for initial examination, and then to mount it in a prototype electronic or mechanical nanoscale device, or to mount it in ways that cannot easily be achieved by direct growth or deposition.
One typical nanomanipulation task where a gripper is a relevant tool is handling of TEM samples which, due to the limitations of transmission electron microscopy, generally have a thickness smaller than 200 nm, such as TEM lamellae or nanotubes/wires. TEM lamellae are slices cut out of a larger sample by focused ion beam milling and they are usually some micrometres wide and long. Depending on the material and fabrication process, nanowires and nanotubes may have lengths of a few hundred nanometres to several hundreds of micrometres. A nanomanipulation system, including the environmental chamber, actuators, and grippers, should at least be capable of handling these types of component. The focus in this work is on in situ SEM manipulation, which compared to optical microscopy [9] allows nanostructures to be monitored and handled with nanometre-scale image precision, but not to observe their internal structure with atomic resolution as is possible with in situ TEM equipment [14] .
The development of tools capable of such threedimensional in situ SEM and TEM nanomanipulation could hopefully pave the way for new experimental methods in nanoscience, in the same way the development of the STM and AFM techniques initiated completely new types of physical investigations by allowing the experimenter to not only observe but also interact mechanically with planar surfaces and nanostructures supported on them. Rational optimization of gripper tools requires investigations of the underlying physics of gripping. However, apart from the rather few examples of pick-up operations with grippers such as those mentioned previously, there has been little systematic investigation of the basic requirements for the grippers to successfully complete pick-and-place operations, such as the forces actually required for nanomanipulation with grippers ( figure 1 ). With the aim of making a quantitative foundation for pick-and-place nanomanipulation experiments, this paper presents an analysis of the fundamental strategies for pick-and-place operations on a nanoscale object and the corresponding force requirements for the gripper (figure 2). We present illustrative examples of in situ SEM pick-and-place operations of nanowires to demonstrate the possibilities and limitations for the technique. A video sequence of real time nanomanipulation is available at stacks.iop.org/Nano/17/2434. Both experiments and calculations are based on scenarios of manipulation of relatively stiff, elongated structures such as nanowires/tubes or TEM lamellae. Finally we discuss the implications the results have for gripper design and the pickand-place procedures.
It is important to remember the ubiquitous pick-and-place processes met everyday on the macroscale, where a wealth of specialized gripper designs have been developed, each for their own application. For these initial calculations and experiments with nanoscale gripping, only simple representative cases are investigated. As suitable grippers with integrated force feedback become available for nanomanipulation [15] , and enable quantitative comparison of experiment and theory, we expect that further analysis and tests such as presented here will facilitate the development of a wider range of effective three-dimensional nanomanipulation tools.
Pick-and-place manipulation of nanowires
Substrates with nanowires/tubes accessible for pick-and-place manipulation can be prepared in various ways, such as growth directly on the substrate by CVD/PECVD [16] , MOVPE [17] on such samples. Below, we will estimate the required forces and demands for successful completion of each pick operation and subsequent placing of the wire.
Force requirements for picking up nanowires
For any pick-and-place operation, it is essential to control the balance of the forces between the object and the substrate, F T and F S in figure 1 , and the gripping forces acting between the object and the gripper F G1,2 [10] . The gripping forces can be decomposed in a normal force component perpendicular to the nanowire surface and a component parallel to the surface with a contribution from the static friction force preventing the wire from sliding at the end-effector surfaces (figures 1(a) and (c)). With the assumption that friction can be regarded as roughly macroscopic, the static friction force F F is proportional to the normal component F N of the gripping force F G , F F = µF N , implying that it is essential to control the gripping force during pick-and-place operations as in macroscale gripping.
Assuming surfaces that are smooth on the scale of the nanowire dimensions, i.e. 50 nm, we will in the following calculations use an estimated friction static coefficient µ = 0.1 [18, 19] . One should remember that effects such as surface roughness, contamination, and charging of the nanowire and gripper surfaces must be expected to contribute with considerable adhesive and pull-off forces of the nanowire to nearby surfaces unless care is taken to reduce such effects [19] and possibly influence the value of µ. The following calculations provide order-of-magnitude estimates for the involved forces giving an overview of the demands set by the various pick operations based on a silicon nanowire with a radius r nw = 50 nm, comparable to those considered in [9, 10] , and a gripper with two flat 1 µm × 1 µm gripper end-effector surfaces contacting the wire.
Tensile gripping ( figure 2(d) ). The force required to release a nanowire from the substrate by pulling in the direction parallel to the axis without sliding (figures 1(a) and (b)) is determined by the lowest yield strength of the nanowire or substrate material as F T = σ yield πr 2 nw . The lowest yield stress, σ yield , of either the substrate or the nanowire should be used. For a silicon nanowire, σ yield,Si = 7 GPa [20] , giving F S = 55 µN. The force will have to be applied through the static friction force, requiring a gripping force of the order F G = 0.5 mN, a high value for most available microgripper designs [15] .
Shear gripping (figure 2(e)).
By bending a wire it is possible to break it at the base where the stress will be largest and eventually can reach the yield stress. The minimum radius of curvature, r curv , a nanowire can withstand can be calculated as r curv = r nw Y /σ yield [20] , which is about 1 µm for a 50 nm nanowire. If it is long enough, the nanowire can almost be curled around the micrometre sized grippers considered here without breaking. Considering the nanowire as a clampedclamped cantilever structure (gripped in one end, fixed in the other) with no tension, the flexure formula gives the maximal bending moment M max = σ yield I/R as a function of the yield stress, the maximal distance from the beam neutral axis R = r nw , and the moment of inertia I = πr 4 nw /4. To break off the nanowire through shear stress, the gripper must be able to apply the required moment M max = πr 3 nw σ yield /4, which in this case is ∼10 −12 N m. Applying such a moment requires the two grippers to press the wire with a gripping force
where L grip is the 1 µm length of the gripper contact surface with the nanowire ( figure 1(b) ). In addition to applying a moment, the gripper must also apply a force F S to create the sideways deflection, that can be calculated from the distance d the wire tip has been moved sideways by the gripper, and the spring constant of a doubleclamped circular beam as
where we have used L free = 5 µm for a typical estimate and d max = L 2 free σ max /(12Y r nw ) = 2 µm for a silicon nanowire with Y = 160 GPa [20] . Hence the gripper must in addition to the moment be capable of applying a deflection force which is increasing the requirements on the gripping force capabilities if the gripper is to remain closed during the operation.
By shear gripping we have reduced the required force to detach a nanowire roughly two orders of magnitude compared to tensile gripping. However, the gripper must be mechanically rigid to prevent in-plane and out-of-plane deflection when applying M max and F S , as shown in figures 1(b) and (c). figure 2(f) ). When attempting to lift a nanowire lying flat on a surface, while pulling in the direction perpendicular to the surface, it is necessary to overcome the strong adhesive surface forces. The maximal force is required when the entire wire must be lifted up simultaneously at the very beginning of the picking operation. A wide variety of surface forces can be expected to influence the process, making the required force difficult to estimate [21] . For a dry substrate with electrical contact between the wire and substrate, the major attractive force must be the van der Waals force (vdW) which per unit length of a cylindrical rod can be written as [23] , giving 2 µN per µm length of nanowire. Based on these assumptions, the vdW force for a rigid 5 µm nanowire will be of order 10 µN, requiring a 100 µN gripping force to achieve a high enough friction force. However, when capable of applying the required force, the gripper will have to be equipped with extremely sharp end-effectors or well-defined edges in order to grab the thin wire in such close contact with the surface without touching the surface. From these considerations as well as from experimental experience, nanowires lying on flat surfaces hence seem to be very difficult to pick up with grippers. The vdW force is reduced if the substrate is corrugated. It is likely that structured substrates, such as nanotube forests [16] , could effectively lower the adhesion force as well as give the gripper space to operate. figure 2(g) ). Peeling a flexible nanowire lying on a surface can reduce the required steady state gripping force considerable compared to the scrape lift. If the wire is assumed to be unable to slide or stretch, but able to bend, the tensile force required to peel at an angle θ to horizontal is given by F peel = U/ x(1 − cos θ), with the adhesion energy per unit length of wire U/ x = −A H (r nw /12 √ 2D 3/2 ) [22] . Using the same constants as above, we estimate U/ x = 0.2 nN. The peeling force is reduced to half U/ x when the wire is peeled to make a U-bend at θ = 180
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• . The gripping force can be as low as a few nN if we assume the nanowire is flexible like a chain with negligible spring constant for bending. For elastically bending nanowires, an additional orthogonal force will be required to bend the nanowire.
'Mikado' peeling ( figure 2(d) ). If the wire is rigid and extending over the edge of the substrate, lifting in the direction normal to the surface can considerably reduce the required force to release the wire. We call this operation 'Mikado' peeling (after the game Pick-up Sticks). The required force becomes F mikado = L 2 surface f vdW /2L free . As an example, if L free = 5 × L surface = 5 µm and using the above vdW force, F rigid = 0.2 µN and the gripping force is only 2 µN.
The above estimates of the required forces show a strong dependence on the nanowire and gripper dimensions. In the calculated examples, shear gripping, peeling and Mikado peeling offer by far the lowest requirements for gripping force.
Mikado peeling also makes the nanowire easily accessible on the edge of a substrate, unlike attempting to peel wires lying on a flat surface. Depending on the design of the gripper and nanowire properties, one should carefully consider what pick operation will provide the best chances for successful manipulation: shear gripping, for instance, increases with the nanowire diameter as r 3 nw , while Mikado peeling is relatively independent of the diameter.
The place procedure
Moving and placing a grabbed object also imposes certain requirements.
Moving. When gripped, the electrostatic forces due to charging in the SEM can result in movement or even loss of the wire or increased electrostatic attraction between the gripper and nanowire, all of which is normally undesired. The gripper end-effectors, the sample, and the target substrate should all be electrically grounded and the wire should be in electrical contact with the grounded grippers to avoid excessive charging. The manipulator should transport the nanowire from the sample to the target substrate with low vibrational noise, since vibrations may excite resonances in the grippers and thus result in loss of the grabbed object. Deliberate excitation of mechanical resonances in the grippers have even been used to release adhering objects [11] .
Releasing. Depending on which configuration the wire is to be placed in on the target substrate, different methods could be employed to release it in the correct position. If the wire is to be placed on a surface as shown in figure 2(i), a successful release requires the surface energy of the wiresubstrate interface to be high compared to the wire-gripper interface. This can in many cases be achieved if the part of the wire in contact with the substrate is much longer than the part in contact with the gripper end-effectors and possibly aided by exciting mechanical resonances [11] . If the wire is being placed on conducting electrodes, applying a bias voltage to attract it electrostatically might assist in placing the wire successfully [24] .
To place a wire in a mechanically unstable position, such as standing up perpendicular to the substrate ( figure 2(j) ), fixing the wire to the substrate in the correct position before releasing it is commonly needed [25] . Electron beam deposition is one possibility, though it has some limitations [26] , while curable glue added to the surface is another option [9] , or soldering by heating with a focused laser [24] . Preparing the substrate with narrow holes or edges to enhance the surface adhesion could also improve the stability.
The nanomanipulation system
To demonstrate in situ SEM pick-and-place operations, we have constructed a robot-based nanomanipulation setup.
Experimental setup
To avoid excessive demands on the mounting alignment for SEM-mounted systems, the required manipulation range must be several millimetres. (6) with mounted gripper (7) and other tools ( (8), (9)).
For in situ SEM nanomanipulation, at least two actuation units are required to position the tool and the sample in the region with high SEM resolution. One unit can be a coarse position manipulation stage to bring either the tool or the sample into the imaging region, if the other unit then has sufficient precision to complete the actual manipulation procedure. Recently, commercial manipulation systems have become available from companies such as Kleindiek and Zyvex. Several research groups have also pursued the development of such systems [24, 27, 25] .
In one of our setups, shown in figure 3 , we use the manual SEM stage as one actuator and for the other actuator a recently developed actuator colloquially called R2-D2, which is able to move in both x-y directions and rotate [28] . Unlike many commercial x yz actuators, the R2-D2 design makes it possible to mount many different tools extending over the edge of the unit and then to select the appropriate tool by rotating it to towards the target. The Zeiss DSM 950 SEM sample stage was controlled manually. Another similar setup used for some of the presented experiments has been described previously [10] .
The grippers were microfabricated by a process described elsewhere [29] . The gripper arms are made of silicon dioxide and coated with a layer of 10 nm titanium and 100 nm gold to make them electrically conducting. The gripper arms are 1-2 µm wide, 1 µm thick, and 20-100 µm long. Unlike the carbon nanotube tweezers [9] and microfabricated grippers described in [10] , the microgrippers used in the present work are operated by indirect electrostatic actuation, in which the actuation voltage is applied to a nearby actuator electrode, while the gripper arms can be held at ground potential. In this way, actuation is independent of the voltage applied to the gripper end-effectors, which in principle allows electrical measurements to be done on the sample independently of the actuation. The maximal gripping force is estimated to be of the order 1 µN [30] . Compared to the above analysis these grippers should be able to pick up nanowires extending over the edge of a grounded substrate by peeling or Mikado peeling, while shear gripping could be problematic because of the low aspect ratio giving low spring constants for out-ofplane bending.
Picking results
The various pick operations described in section 2.1 were attempted on silicon nanowires with roughly 100 nm diameter made by etching a Si substrate [31] . When attempting tensile gripping, the gripper would slide along the nanowire, and for shear gripping it was twisted open. Scrape lift and peeling were generally not possible since the wires lying on top of surfaces were too narrow to get a firm grip on with the rounded edges of the gripper, and having the gripper in contact with the substrate obstructed its operation.
The image sequence in figures 4(a)-(f) shows a gripper using Mikado peeling to pick up a silicon nanowire extending from the gold surface of the chip. The substrate was prepared by pushing the edge of a gold-coated silicon chip into a sample with vertically standing silicon nanowires which would then break off and adhere to the chip edge. The nanowires lying on the surface of the chip exposed to the electron beam could not be picked up with the gripper by scrape lift, as the wire adhered very strongly to the substrate. This could be due to electron beam deposited contamination on the top surface which fixed the nanowires to the surface during imaging [26] . Mounting the gold-coated surface facing downwards as shown in figure 4 (a), so it was not directly exposed to the electron beam, efficiently reduced the adhesion of the wires to the substrate, making Mikado peeling possible.
To investigate whether the applied gripping force or the adhesion between the wire and the grippers is dominating the picking process, the grippers were first moved while just touching the wire (figures 4(b) and (c)), confirming that the wire-substrate adhesion was low enough to allow the nanowire to be moved around. Then the gripper was closed around the wire ( figure 4(d) ) by applying 20 V to the central actuation electrode while the gripper arms were kept grounded and subsequently opened again (figure 4(e)) and moved to see whether the adhesion would be enough to remove the wire. Although the nanowire did adhere to the grippers, the adhesive forces were not sufficiently strong to remove the wire. It was only when the gripper was firmly closed and pulled away that the nanowire could be picked up ( figure 4(f) ), demonstrating that control of the friction force by the gripping force is essential.
As demonstrated by the online video sequence, the pickand-place procedure is a relatively fast operation comparable to, for instance, SPM imaging and manipulation because of the fast frame rate offered by the SEM. These observations for the pick operations were reproduced on several occasions in our two experimental setups, and qualitatively confirm the prediction of the low gripping force required to accomplish the Mikado peeling procedure and the problems anticipated with the other picking operations for grippers with relatively low maximal available gripping force.
Placement results
The observation that the nanowires supported by the upper silicon surface of the substrate in figure 4 adhered strongly made it obvious to try placing a grabbed nanowire on this surface (figure 5). A nanowire was picked up, and in the process, the gripper twisted and closed around the nanowire ( figure 1(d) ) but still appeared to have a firm grip on the wire ( figure 5(a) ). The free end of the nanowire was moved to contact the inclined substrate surface ( figure 5(c) ). The wiresubstrate contact point was exposed to the electron beam for 60 s to solder it by electron beam deposition. The deposition rate is, however, very low in this setup, and there was no obviously visible deposit. The nanowire release from the gripper was immediately successful upon opening it, and the nanowire remained at the position it was placed ( figure 5(d) ). The grippers could be moved in under the wire (figure 5(e)), indicating that it was standing out from the surface and not supported along the entire length.
To investigate the strength of the nanowire's mechanical connection to the substrate, it was attempted to break the nanowire free from the substrate again. The wire did not seem to move at all, even when lifting the gripper up with one endeffector stuck under the wire as in figure 5(f) . It seemed that the The substrate was inclined with the height in the left-hand side of the image higher than that of the gripper. Once contact was achieved, the contact point was irradiated (c) to solder it by electron beam deposition as indicated by the triangle. Though practically no change was visible at the soldering point, the nanowire appear well fixed to the substrate upon release (d) and seemed impossible to remove again with the grippers ((e), (f)). A larger AFM cantilever was able to remove the wire, which only yielded after considerable bending, where r curv is indicated by the circle (g), and left a small residue on the substrate (h).
wire was so well attached to the substrate that attempts to break it off would probably do more damage to the gripper than the wire. The R2-D2 robot was rotated to use a more robust AFM cantilever capable of applying larger forces. In figure 5 (g), taken just before the nanowire broke, the radius of curvature at the fixed end of the nanowire is about r curv = 6-7 µm. With a nanowire radius of about r nw = 0.27 µm and the Young's modulus Y = 160 GPa of single crystalline silicon this gives an approximate yield stress [20] σ yield = Y r nw /r curv of about 7 GPa, which is indeed the yield stress of bulk silicon. In figure 5 (g), the nanowire itself is bending, rather than rotating as a rigid rod around the point where it is fixed to the substrate. This indicates that the point contact to the substrate is as strong as the wire material itself. The small soldering joint of the nanowire to the substrate (figure 3(h)) in this case resulted in a mechanically very strong solder joint with a yield stress comparable to that of the nanowire. The radii used in the calculations are visual estimates and emphasize the need for better force and size metrology to make quantitative measurements of the forces involved in nanomanipulation. In the SEM image sequence shown in figure 6 , a grabbed bundle of silicon nanowires is placed onto a copper TEM grid. The nanowires were slowly moved into contact with the TEM grid (figures 6(a)-(c)). As in the previous experiment, when one of the wires touched the grid, the contact point was irradiated for 60 s, to increase the adhesion to the grid. The actuation voltage was then turned off, and the grippers were withdrawn ( figure 6(d) ). This was not sufficient to completely release the wires from the gripper. In figure 6 (e) the grippers were opened further up by applying a bias voltage to a pair of outer driver electrodes, and this apparently altered the force balance enough to release the wires ( figure 6(f) ). It is worth noting that in this case electron beam deposition was initially not strong enough to make the wires stick to the grid, and it was not used when the wires got stuck. The adhesion of the wires to the grid was strong enough for the grid to be handled by a pair of tweezers by hand when removed from the SEM and observed under an optical microscope at later times.
Conclusion
Estimates of the force requirements for pick-and-place operations with microgrippers have been calculated. Several in situ SEM pick-and-place operations of silicon nanowires were compared to the estimates. Successful picking of the nanowires required the sample to be prepared with wires extending from the edge of a substrate where they could be peeled off by Mikado peeling, figure 4, which offers both low requirements on the gripping force and makes the wires easily accessible. Placing of nanowires onto silicon substrates and TEM grids was demonstrated. To help make mechanically strong contacts to the target substrate when placing a grabbed object, electron beam deposition can be a useful tool for local fixation.
With a suitable model for the possible pick-and-place processes, more effective grippers and substrates can be developed for the various tasks. Our current efforts concentrate on increasing the applicable gripping force and gripper aspect ratio by making the gripper arms taller to avoid out-ofplane bending, and increase the gripping force. Grippers with force feedback [15] should also make pick-and-place manipulation a measurable and optimizable process rather than the presented trial and error investigation to test whether the force balance in pick-and-place operations can be controlled at all. The successful demonstrations of pick-and-place operations of nanostructures indicate that properly optimized SEM-based nanomanipulation systems could be useful for the characterization of nanocomponents and in the fabrication of prototype devices. Some techniques for integration of nanocomponents in microsystems offer better throughput [32] , however the flexibility and short turn-around time of manual nanoassembly makes gripper manipulation attractive for fast prototyping of individual devices.
